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1 impgoTOd Vegt;i.oaX EaeteEnal CavjL'fey Siarface Emit;tlng Xiaaeas: 

3 The present invention relates to an improved Vertical 

4 External Ca-vity Surface Emitting- Laser (V£CSeL) and in 

5 particular to a VECSEL that ' exhibits improved wavelength 

6 tuning characteristics. 
7 

8 . piode-puniped VECSELs • are an • attractive format of 

9. -semiconductor laser known to those skilled in the art for 

10 scientific, instrumentation and non-linear optics 

11 applications, The^ design and fabrication of a -VECSEL 

12 laser with Circular TEMoo output beams has fo^en described 

13 by Kusnet^ov et al (IEEE Journal of selected Topics in 

14 Quantum Electronics Vol, 5, Page 561 - 573 (1999) ^^jDe^ign 

15 ^nd CiiaxdiCteriscics of Hlgh-Fower {>0,5W CW} Dlada-Fump&dt 

16 VGxrtlaal-Ext^rnal-C^vlry Surface- Emitving Semlconductox: 

17 La^er^ with Clzcul^x- TEMoo B^sjn.s"') » 
^8 

19 The optical gain medium within a VECSEL is provided by 

20 the recombination of electrical carriers within very thin 
21- layers of a semiconducror material. These layers are 
22 generally termed quantum-well (QW) layers or active 
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1 -layers exhibiring a typical rhickness of around 150 A or 

2 less p ' - 
3 

4 Application of intracavity spectral and. texmporal control 

5 -techniques such as picosecond and subpieb second mode- 

6 locking^ single-frequency operation and intracavity 

7 second-harmonic generation ]aav& ^Iso been demonstrated 

8 see: 

9 • Garnache et al . Appl- Phys . Lett. Vol 80 Page 3892-38 94 

10 {2002) ^^Sub 500- fs Sallton-Lxke Pulss In a Passiv&ly 

11 Mode-Looked Broa.dha.nd Surf ace-Emitting L&ser with IDOmW 

12 A^Qrag& Power'^t 

13 * Holm et al, IEEE Photort. TecHnol. Lett, Vol 11 Page 

14 1551^1553 (19 99) "''^Aotlv^ely stabilised Slngle-rrec^UGiJacy 

15 Vej::tlG^l-Cavity AIQ^A^ Las&r^'p and" 

16 * Schiehlen ©t Brli ^ IEEE Photon. Technol- Lett. Vol 14 
1-7 Page 7 77-7-7 9 (-2-002) ''^Dic^d^-Fum^ed S&m-laanduvtar Disk 
IB li^^^jT With Intrsaavrxty Frequauby Dduhling^ usiuff Lithium 
19 Trihorate (LBO}", respectively* 

20 

21 A significant limiting factor in all of the 

22 aforementioned ^y^^tema ia that their output power is 

23 greatly limited by the thermal response of the gain 
2 4 structure* Typically ^ without employing thermoelectric 

25 cooler {TEC) mounting techniques or cooling strategically 

26 deployed heat sinks with chilled water, bonh of which are 

27 well known to those skilled in the art^ the output powers 

28 at room temperatures are limited to a few 10' s of mW. 

29 The employment of these cooling- methods act to improve 

30 the output powers but are ' generally very inefficient due 

31 to the fact that the heat must be removed from the gain 

32 medium via the substrate of the structure. 

33 - - ' 
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1 The prior art teachers of several methods for improving 

2 the efficiency of VECSEL cooling systems. The first 

3 involves growincf the gain structure in reverse order,, 

4 mounting on a. heatsink and etching away the substrate . 

5 However^ the resultant scattering due to poor, surface 

6 quality remains a significant problematic feature within 

7 low gain lasers that usually tolerate only very little 

8 losses (--2%) • 
9 

10 Alford et al- described an alternative method for 

11 removing heat from the gain region that involves no post- 
12 growth alterations to the structure (see J. Opt. Soc. Am. 

13 B Vol> 19r IPage 663 (2002) ''iiLLgh Pow&x: and Good Beazn 

14 Quality at BBOnm from a Vertical EKr&rnal -Cavity Surface- 
lb Emitting j:a^er") - In particular rhisi document teacher of 

16 an InGaAs'-'based VECSEL that . employs in oonjunotion with 

17 a thermoelectric cooler, a sapphire heatspreader 

18 capillary bonded in optical contact with the epi-side (or 

19 active surface) of the gain .structure. More recently, 

20 Hastie et al^ have described a VECSEL that employs an 

21 intracaviry Silicon Carbide (SiC) heatspreader that is 

22 optically contacted to . the active surface of the gain 

23 medium (see IEEE Photon, Technol. Lett. Vol 15 Page 8 94- 

24 896 {2003) ^^0.5 W Singlo Transve^r3&-Made Op^j^ation of an 

25 85Drmi Diod& Pumped SiJirface-Emlttxng Semiaonductor 

26 t^^e^r"') - Generally, Silicon Carbide has been shown to 

27 exhibit superior heat spreading characteristics than 

28 heat spreaders comprising Sapphire, 

30 In order to produce single frequency operation it is 

31 known ro those skilled in the art to incorporate 

32 inrracavity polarisation selecting elements such as 

33 birefringent filters, orientated at Brewster's angle, and 
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1 an etalon within the laser cavity. Wavelength scanning 

2 cazi then be achieved via a number of known techniques 

3 e-g. rhe incorporation of stabilisation to a side of a 

4 transmission peak of an external reference cavity. Such 

5 techniques are quirrently employed to produce tuneable 

6 Ti: Sapphire and Dye lasers that find particulaz- 

7 application in the field of high xeaolution spectroscopy. 
8 

9 It is known that the gain medium of a vecseLs possesses a 

10 relatively high gain bandwidth that provides tha 

11 potential for a VECSEL no be tuned approximately 2Q ran 

12 either side of the engineered wavelength. However, in 

13 practice it has been found that the above laser frequency 

14 ' stabilisation and . wavelength scanning techniques do not 
15. lend themselves to be readily incorporated within the. 
16 described VECSELs- This is principally due to the fact ^ 
.17. that there is significant modulation of the output power 

18 of the VECSEL as the laser's operating wavelength is 

19 scanned (between 10 - ,30%) due to the heat spreader acting 

20 as an additional intracavity etalon. Furthermore^ both 

21 Sapphire and Silicon Carbide heat spreading elements are 

22 found to interfere with * the polarisation " selection 

23 properties of any intraoavity birefringent filter thus 

24 reducing the frequency stability and tuneability of the 

25 cavity • 
26 

27 It is an object of aspects of th^ present invention to 

28 provide a Vertical Extifemal Cavity Surface Emitting Laser 

29 (VECSEL) that overcomes one or more of the limiting 

30 features on frequency stability and wavelength tuning 

31 associated with the vecsels described in the prior art, 
32 
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1 The term active surface" used throughout the 

2 specification in relation to one or more of the 

3 intracavity elements of the VECSEL refers to that surface 

4 on which the optical pumping field is initially incident . 

5 , 

6 According to a first aspect of the present invention 

7 there is provided a Vertical Esctemal Cavity Surface 
B Emitting Laser comprising a wafer stxructure and a 
9 heatspreader located at an active surface of the wafer 

10 st^ruorur^ wherein the heatspreader comporis^s a noft- 

11 tair^fringent material- 
12 

13 Preferably the heatspreader comprises an anti-^ref lection 

14 coating located on an active surface of the heatspreader. 
is- 
le According to a second aspect of the present invention-- 
17. theret is provided a Vertical. External.. Cavity Surface 
18 Emitting Laser comprising a wafer structui;^ and a' * 

15 heatspreader located at an active surface of the wafer . 

20 structure wherein the heatspreader comprises ap snti- 

21 reflection coating located on an active surface of the 

22 heatspreader - 
23 

24 Preferably the heatspreader comprises a non-biref ringent 

25 material, 
26 

27 According to a third aspect of the present invention 

28 there is. provided a Vertical External Cavity Surface 

29 Emitting Laser comprising a wafer structure and a 

30 heatspreader located at an active surface of the wafer 

31 structure wherein the heatspreader comprises a non- 
32 birefringent material and an anti-reflection coating 
33 located on ah active surface of the heatspr-eadsr - 
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2 Preferably the anti-reflection coating is optimised fox 

3 ' efficient operation with a refractive . index of the non- 

4 birefr indent material. 

5 . 

g Preferably the active siixface of the heatspreader 

7 comprise a wedge. 
8 

9 Most preferably the heatspreader comprises a single 

10 iiiamonjd crystal. 
11 

12 Preferably the laser further comprises an intracavity 

13 polarisation selecting element- that provides a fixaf 
.14 , means for selecting the operating wavelength of the 
15 laser. 

16. - ' ' [ 

■ 17 Preferably the intxacavity polarisation selecting element 

18 comprises a birefringent filter orientated at Brewster's 

19 angle. 
20 

21 Preferably the laser further comprises an intracavity 

22. etalon that provides a second means for selecting the 

23 operating wavelength of the laser. 



24 
25 



Optionally the laser comprises a three mirror folded 

2 6 cavity arrangement. 

27 , • 

2 8 Preferably the laser further comprises an exteimal 

2 9 reference cavity that allows for the frequency 

30 stabilisation of the laser output to a side of a 

31 transmission peak of the external cavity. 
32 
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1 Preferably the laser further comprises a cavity mirror 

2 mounted on a first piezoelectric crystal and an output 

3 coupler mounted on a second piezoelectric crystal wherein 

4 the combined moveinezit of the cavity mirror and the output 

5 coupler provides a first means for tuning the output 

6 wavi^l&ngth of the laser. 
7 

a Alternatively, the laser further comprises a pair of 

9 Brewjster plates and a cavity mirror mounted on a 

10 piezoelectric crystal wherein The combined movement of; 

11 the Brewster plates and the cavity mirror provide a 

12 second means for tuning the output wavelength of the . 

13 laser. 
14 

15 According to a fourth aspect of the present invention 

16 there is provided a scanning Vertical External Cavity . 

17 Surface Emitting Laser suitable for use in high',,, 

18 resolution spectroscopy experiments comprising apparatus m - 

19 for selecting and st.abilising the operatiTng frequency of; 

20 the laser, apparatus for scanning the operating frequency 
'21 of -Che laser/ a w&fer structure and a heat^pXMd^^r 

22 located at an active surface of the wafer structure 

23 wherein the heat spreader comprises a non-biref ringent 

24 material and an anti-reflection coating located on an 

25 active surface of the heatspreader - 
26 

27 Preferably the apparatus for selecting and stabilising 

28 the operating frequency Of the laser comprises an 

29 intracavity polarisation selecting element^r an 

30 intracavity. etalon and an external reference cavity. 
31 

32 Preferably the apparatus for scanning the operating 

33 fre<3uency of the laser comprises a cavity tnirror jtiOunted 
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1. on a first piezoelectric crystal and an output coupler 

2 mounted on a second piezoelectric crysral wherein tlie 

3 combined movement of the cavity mirror and the on-cput 

4 coupler provides a first means fpr tuning the output 

5 wavelength of the laser. 

6 . 

7 Alternatively,, the ^.pparatu^ tox scanning the operating 

8 frequency of the leser comp^rises a pair of Brewster 

9 plates and a cavity mirror mountfed on a piesoelectric 
3-Q cry^tftl wber^ir^ the oomt>tned movement of the Brewster 

11 plates and the cavity mirror provides a second mean.s for 

12 tuning the output wavelength of the laser. 
13 

14 Preferat>ly the anti-reflection coating is optimised for 

15 efficient operation with a refractive index of the non-- 

16 birefringent material.,.. 
17 

18 Preferably the active surface of the heatspreader 

19 comprise a wedge. 
20 

21 Most preferably the heatspreg.cier comprises a single 

22 diamond c^ry^t^l . 

23 " 

24 Aspects and advantages of the present invention will 

25 become apparent: upon reading the following detailed 

26 description and upon reference to the following drawings 

27 in which: 
28 

29 Figure 1 presents a schematic representation of an 

30 improved Vertical External Cavity Surface 

31 Emitting Laser (VECSEL) that incorporates 

32 innracavity elementis for single frequency 

33 selection; 



04-12-D3 09:48 Froni-KENNEDV COMPANV +0141226&83fi T-218 P. 12/23 F-772 



! 9 
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2 Figure 2 presents: 

3 (a) a schematic representation^; and 

4 {b> a scheinatic bandgap diagram, 

5 of rhe gain mediumi of a SaO nm VECSEL of 
6 Figure If 

7 

8 Figure. 3 presents further cS^tail of the cooling 

9 apparatus and a heat^preader employed by the 

10 VECSEL of Figure 1; 
11 

12 Figure 4 presents an output, power curve, as a function 

13 of pump power r for the VECSEL of Figure 1 

14 designed to operate around a &80 nm cent^^al 

15 ' output wavelength; 

17 Figure 5 presenrs a measured residual frequency noise- 

18 output for thS 980 nm VECSEL of Figure 1; and 

19 • ' . » ; 

20 Figure S pre:sents a measured wavelength tuning curve for 

21 the 9S0 nm VECSHS^. of Figure 1 when coupled to a 

22 transmission peak of an external reference 

23 cavity. 



24 

25 Referring to Figure 1 a schematic representation of a 

2 5 Vertical External Cavity Surface Emitting Laser (VECSEL) 

27 1, in accordance with an aspect of the presenr invention 

28 is provided- The VECSEL 1 can be seen to comprise a 

29 waferr structure 2 mounted within a cooling apparatus 3 

30 that is located within a three mirror folded cavity 

3 1 arrangement - 
32 
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1 A first mirror within the cavity arrangement comprises a 

2 Bragg ref lecror 4 associated with the wafer structure 2 

3 (fu??th^?:: derails of wh±ch are outlined below) » A second 

4 mirror comprises a standard curved cavity lairror 5 

5 mounted on a first piazoelectrio crystal € so allowing 

6 for fine adjustment of the length of the cavity- An. 

7 Output coupler 1, mounted on a second piezoelectric 

8 crystal S so allowing for coarse adjustment of the length 

9 of the cavity r is then employed as the third cavity 

10 mirror p Between the curved cavity mirror 5 a-nd the 

11 output coupler 7 are located a birefringent filter 9 

12 employed to provide coarse frequency selection within the 

13 cavity and a solid etalon 10 employed for fine frequency 

14 selection of the operating wavelength- The wafer 

15 structure 2 is optically pumped by initially coupling the 
15 output of a pump laser source (not shown) into an optical - 

17 fibre* 11. Thereafter/^ the coupled pump laser output is 

18 focussed via two input lens element^ 12 onto the wa.fer 
•'19' 'structure 2.' " " ' 

20 

21 A schematic ^representation of the wafer structure 2 is 

22 presented in Figure 2 (a). The wafer structure 2 is grown 

23 by a metal-organic chemical vapour deposition (MOCVD) 

24 technique on a 2 inch (5.08 cm) 500 mm thick (ODl) GaAs 

25 substrate 13- The wafer structure 2/ comprises a lower 

26 end single distributed Bragg reflfector 4, a gain medium 

27 14, a carrier confinement potential barrier 15 and an 

28 oxidation prevention layer 16. 
29 

30 The Bragg reflector 4 comprises thirty pairs of AlAs-GaAs . 

31 quarter-wave layers that exhibit a total reflectivity 

32 greater than 99 4.9% centred at 980 nm while the carrier 

33 confinement potential barrier comprises a single 
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1 wavelength-thick Alo,5Gao,7As layer • The o:k:idat:ion 

2 prevention layer comprises a thin Ino.-gsGao.sgP cap. 
3 

4 The gain mediuift 14 comprises twelve 6 nm thick inoasGaAs 

5 qaantum wells equally spaced between half-wave 
€ Alo.o6<SaQ,8As/QaA9P structures that allow the VECSEL 1 to be 
7 optically pumped at 8 08 niu while generating an output in 
S the grange of 970 - 995 nia. (referred to below as the 98Q, 
9 nm VECSPt) 

10 

■ 11 A schematic .representation of the lasing mechanism is 

12 presented in the bandgap diagram of Figure 2 [b) . The 

13 pump field 17 absorbed * in the barrier regions' and 

14 carriers thereafter diffuse -inro the quantum ^wellg so as 

15 ro produce the required population inversion for lasing 
■ -16 to take place. ' • 

17 

IB Figure 3 presents further detail of the cooling apparatus 

19 3 and heatspreader 18 employed in order to improve the 

20 operating characteristics of the VECSEL 1. in particular 

21 the cooling apparatus 3 comprises a standard 

22 thermoeleotric cooler 19 while the heat spreader 18 

23 comprises a single diamond crystal that comprises an 

24 eKternal, wedged face 20, A high performance anti- 

25 reflection coating is deposited on the surface of the 
2 6 wedged face 20. 

27 

2 8 The single diairipud crystal heatspreader 18 is bonded in 

29 optical Contact with the active surface of the wafer 

30 structure 2. The wafer structure 2 and heat-spreader 18 

31 are then clamped on top o£ a layer of indium foil 21 onto 

32 the thermoelectric cooler 19. 

33 , . 
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a Single diamond- crystal is suited to be employed - the 

2 heatspreader 18 ■ since it esshibits comparable thermal 

3 conductivity levels as Sapphire an.d Silicoii Carbide, 

4 Thus^. the described arrangement allows tha hsatspread&r 

5 18 to immediately spread the hear associated with the 

6 p\mp fi^ld 17 to the cooling apparatias 3 after it has 

7 propagated only a limired distance into the gain medium 

8 14^ so significantly increasing the efficiency of the 

9 device. In addition there are further inherent 

10 'advantages of employing the single diamond crystal as the 

11 heatspreader IS over those described in the prior art. 

12 These reside in the fact that the single diamond crystal 

13 is aon-birefringent. As such the presjsnce of the 

14 he at spreader 13 no longer interferes with polarisation 

15 selecting properties, of the birefringent filter 9 and &o 

16 there are no additional intracavity losses eirperienced on 

17 the outpur of the VEGSEL 1 as the laser is tuned (see 
la Figure S below) . 



22 applied to the wedged surface 20. It is known to those 

23 skilled in the art that in order to optimise an anti- 

24 reflection coating it is necessary that the refractive 

25 index of the medium to which the coating is to be applied 

26 is known to a high degree of accuracy. Therefore, if the 

27 heatspreader 18 were to e:3<hibit birefringence (as is the 

28 case for Sapphire and Silicon Carbide) two effective 
^ 2 9 refractive indices would be present. A direct result of 

30 this is that the effective refractive index experienced 

31 by & propagating optical field of a fixed polarisation 

32 would be critically dependent on the orientation of the 
3 3 heatspreader 18 within the VEGSEL 1, restricting 



19 



20 



21 



The lack of birefringence within the heatspreader 13 also 
allows for an optimised anti-reflection coating to be 
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1 alignment ro a single orientation only- Practically this 

2 woulcS significantly complicate the already difficult 

3 Cavity alignment prOcasS- 

5 However/ t;hi5 is not the case with the single diamond 

6 crystal heat spreader 18 thus permitting the incorporation 

7 of the anti-reflection coating. The anti-ref leotion 

8 coating acts to significantly reduces the power 

9 modulation effects^ caused by the presence of the 

10 intracavity hearspreader . 18/ experienced when the 980 nm 

11 VEGSEI* is wavelength tuned (see Figure 6 below) 
12 

13- Figure 4 provide some typical operational characteristics 

14, of the described VECSEL 1 systems in the absence of- the 

,15 birefringent filter 9 and th^ solid etalon 10. In 

'IS particular Figure 4 presents the 980 nm VESCEL output. 

17 power as a function of pump power r When the heatsirik 

18 temperature was maintained at 10'=*C, The pump power - was 

19 provided' by a commercially available 200 ^m fibre coupled 

20 laser that generated a 25 W pump field at 80S nm. A 2% 

21 output coupler 7 was employed so producing a maximum 

22 output power of 1.75 W in a TEMpo mode with S-2 W of pump 

23 power • 
24 

25 On introducing the birefringent filter 3, the solid 

2 6 etalon IQ and a 1% output coupler 7 to the cavity it is 

27 possible to stabilise the output frequency of the device 

28 to the side of a transmission peak of an external 
Z9 reference cavity (not shown) , The operational 

30 characteristics of the 9S0nm VECSEI. are shown in 

31 Figure 5, The VECSEL 1 can be seen to operate at a 

32 single frequency exhibiting a residual - frequency 
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1 fluctuat:ion amounting to a linewidrh of around 85 kHz 

2 r-in-s» 
3 

4 By employing the first S a.n<A second pieacjelectric 

5 crystal? B th^ curved cavity mirror 5 and the output 
S coupler 7r respect ively, can be translated so as to allow 

7 for the tuning of the output wavelength of the VECSEL 1 . 

8 A typical tuning curve for the 9$0nm VECSEli is presented 

9 in Figure 6- It should be noted that the modulation in 

10 the Output power can be seen to have been reduced to less 

11 than 5% , 
12 

13 . An alternative means for tuning the laser cavity 

14 comprises the introduction - of a pair of Brewster plates 

15 {not shown) into the laser cavity* When the orientation 

16 . of. the , Brewster plates are rotated in conjunction with 

17 the translational movement of the curved cavity 5 mirror 

18 mounted on the piezoelectric crystal S the output 
13 ' wavelength of the laser can be scanned^ as is known to 
20 those skilled in the art- 

. 21 

22 As will be apparent to those skilled in the art 

23 alternative gain medium 14 may be incorporated within the 

24 VECSEL 1 in order to provide different operating 

25 wavelength ranges. Furthermorer the VECSEL outlined 

26 above has been described in relation to a three mirror 

27 folded cavity chosen for ease of engineering. However,. 

28 it will again be readily apparent to those skilled in the 

29 art that alternative cavity arrangements may be employed 

30 without departing from the scope of the invention. For 

31 example the laser cavity may be established between the 

32 Bragg reflector 4 and a curved output coupler 7 . 
33 
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1 Th^ VECSEXi described aboi?*e employs a non-biref ringent 

2 heatspreader that allows the full tuning potential of tiie 

3 associated gain medium to exploited- Single diamond 

4 trystal is employed as the heatspreader since it provides 

5 the required level at thermal conductivity so as to act 

6 as an efficient heatspreader * The fact that the 

7 heat spreader is non-bir^f ringent means that there is no 

8 detrimental interaction between the heatspreader and the 

9 polarisation selecting properties of an intracavity 

10 birefringent filter employed for coarse frequency 

11 selection within the cavity, FurthentiorOv the fact that 

12 heatspreader is non-foiref ringent allows the application 

13 of an . optimised anti— refect ion coating to a wedged 
■14 surface of the heatspreader so as to significantly reduce. 

15 the modulation on the output power essperienced by prior 

16 •• art systems - 

17 • • 

18 The foregoing description of the invention has been 

19 presented for purposes of illustration and descri'ption 

20 and is not intended to be exha.i:istive or to limit the 

21 invention to the precise form disclosed • The described 

22 embodiments wfere chosen and described in order to best 

23 explain the principles of the invention ^nd. its practical 

24 'application to thereby enable orhers skilled in the art 

25 to best utilise the invention in various embodiments and 

26 with various modifications as are suited to the 

27 particular use contemplated. ' Thsr^f or^, further 

28 modifications or improvements may be incorporated without 

29 departing from the scope of the invention herein 

30 intended* 
31 
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'"D.-<a<»a<3 cap layer 
AiQ^to&Q jAa barrier region 

Gain region 

12 Ino^igGaq^^As quantum welte 
separated by AJo 03(3aAs/©aAsP 

Bragfl stack region 
30 high/Jow refractive index paiis 
ofGaAs/AIAs 

OaAs buffer l9yer 
Um-dbpsd daAs wafer 
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TESnhlG OF MONO-aLOCaCSM nm CWPHIATl£»l. 
TEMPBViTURE 10 C. CURRENT 1S.S A» PUMP LASeFlSW, 
SINGLE BRF PLATE. DATlE:1S/11/03 
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